[1] We investigated the influence of soil drainage class and tree species on nitrogen (N) mineralization and nitrification rates in two forest catenas in southern Quebec. Monthly net N mineralization and nitrification rates were determined along transects running from well-drained to poorly drained soils for 2 years through in situ incubation of homogenized soils. Potential N transformation rates in soils under American beech, sugar maple, and eastern hemlock trees were determined through incubation of homogenized soils in the laboratory under two different moisture regimes (50 and 100% water by volume) mimicking well-drained and poorly drained soil conditions in the two watersheds. Field-based N mineralization rates averaged 38 ± 6 mg m À2 d À1 in well-drained soils, while those in the poorly drained soils averaged 17 ± 5 mg N m À2 d À1 . Similarly, net nitrification rates in well-drained soils (18 ± 4 mg N m À2 d À1 ) were 3 times greater than those in poorly drained soils (6 ± 3 mg N m À2 d
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À1
). Laboratory-based potential N mineralization rates in soils ranked sugar maple > American beech > eastern hemlock under both well-drained (incubated at 50% water by volume) and poorly drained soil conditions (incubated at 100% water by volume). Potential nitrification rates ranked sugar maple > American beech > eastern hemlock under well-drained soil conditions, while under poorly drained conditions, American beech > sugar maple ! eastern hemlock. Nitrification enzyme activity determined through a soil slurry method correlated significantly with field-based nitrification rates. Differences in soil volumetric water contents, leaf litter N input, and soil C:N ratios, as surrogates of soil drainage and floristic heterogeneity, respectively, correlated significantly with field-based N mineralization and nitrification rates. Field-based N mineralization and nitrification rates were higher in summer than in early spring and autumn. Soil drainage class and tree species exert marked controls over N transformation rates in forested landscapes and need to be incorporated when characterizing and/or modeling internal N cycling at watershed scales.
Introduction
[2] Comprehension of the environmental controls of nitrogen (N) transformation in forest ecosystems is critical in quantifying and/or predicting plant available N [Lovett et al., 2004; Booth et al., 2005] , sequestration in forest soils exposed to chronic N loading [Magill et al., 2000] , nutrient loss into water bodies [Lovett et al., 2004; Schimel and Bennett, 2004] and estimation of N 2 O emissions into the atmosphere from forested landscapes [Davidson et al., 2000] . Nitrogen mineralization and nitrification in forest soils are controlled by a suite of climatic and edaphic variables at varying spatiotemporal scales including soil drainage class [Hill and Shackleton, 1989; Devito et al., 1999; Ohrui et al., 1999] , soil structure [Reich et al., 1997; Gilliam et al., 2001] , moisture [Corre et al., 2003] , temperature [Devito et al., 1999] , dominant tree species [Lovett and Rueth, 1999; Lovett et al., 2004] , soil pH [Myrold, 1998] , and soil C:N ratio [Finzi et al., 1998; Ollinger et al., 2002; Ross et al., 2004] .
[3] Deciduous forest ecosystems in southern Quebec consist of a mosaic of well-drained to poorly drained soils determined by topography, with resulting differences in vegetation type and thus characteristics leading to variations in the biogeochemical controllers of N transformation rates [Hill and Shackleton, 1989; Zak and Grigal, 1991; Bischoff et al., 2001; Florinsky et al., 2004] . This is important as differences in N mineralization and nitrification rates in these forests can have a significant influence, among other processes, on microbial sources of N 2 O production in soils, nitrification and denitrification, and thus net N 2 O emissions to the atmosphere. N mineralization and nitrification rates at monthly or daily time steps are also required for input into models such as the Denitrification-Decomposition model (DNDC) for estimating net N 2 O emissions arising from internally cycled N in soils and to differentiate their contribution to total N 2 O emissions from that arising from atmospheric N deposition into forested ecosystems [Li and Aber, 2000] .
[4] Annual N mineralization and nitrification rates reported for soils dominated by American beech (Fagus grandifolia) and sugar maple (Acer saccharum) range from 11 to 16 and 2 to 6 g N m À2 a
À1
, respectively, in the mountains of New York and New Hampshire, USA [Ohrui et al., 1999; Ollinger et al., 2002] . Besides soil N mineralization as a source of mineral N, southern Quebec has undergone increased atmospheric mineral N deposition from 0.2 to 0.8 g N m À2 a À1 in the last century [Schindler et al., 2006] . Wet NH 4 deposition ranges from 0.44 to 0.50 g NH 4 -N m À2 a À1 [Schindler et al., 2006] and total atmospheric deposition of NO 3 reported at Frelighsburg is $0.6 g N m À2 a À1 [Zhang et al., 2005] . Increasing mineral N deposition raises the potential for increased N 2 O emissions to the atmosphere from forest soils arising mainly from denitrification in low-elevation poorly drained soils of deciduous forests, using NO 3 deposited from the atmosphere and that produced in situ through nitrification [Peterjohn et al., 1998; Ullah et al., 2008] .
[5] In this study, we establish the influence of soil drainage class and dominant tree species on field-based potential net N mineralization and nitrification rates in two deciduous forest catenas representing well-drained and poorly drained soils in southern Quebec. Nitrification enzyme assays and potential N mineralization and nitrification rates were determined in the laboratory. In particular, we tested the hypotheses that N mineralization and nitrification rates are higher in well-drained soils than in the poorly drained soils of forested watersheds and that soils under sugar maple and American beech have higher N transformation rates than soils under eastern hemlock (Tsuga canadensis). We also compared the rates of N release by mineralization and nitrification with atmospheric N deposition and input and release from the decomposition of litter.
Methods

Study Sites
[6] This research was conducted in two deciduous forest catenas, Mount St. Hilaire (MSH) and Morgan Arboretum (MA) in southern Quebec, at the northern limit of beech and maple trees in North America. MSH, located 32 km east of Montreal, is an old-growth forest on a Monteregian Hill with varying topography and has never been logged or used for any commercial purposes with tree age ranging from 150 to >400 years [Takahashi and Lechowicz, 2007] . The proximity of the deciduous MSH site to the southern limits of coniferous boreal ecosystems in Quebec is the reason for the existence of few patches of forest stands dominated by coniferous trees (eastern hemlock). The daily average annual air temperature is 5.8°C and mean annual precipitation is 1046 mm for the period 1961 to 1990 measured at a nearby weather station of Environment Canada. MA, located about 30 km west of Montreal, is a semimanaged mature forest stand with age of trees ranging from 60 to 120 years [Côté and Fyles, 1994] . The daily mean annual air temperature is 6.2°C and mean annual precipitation is 979 mm, measured at nearby P.E. Trudeau airport weather station of Environment Canada. Soils at the MSH site are of glacial origin, while soils of the MA site are of fluvial and marine sediment origin, typical of the Great Lakes-St. Lawrence River forest region [Côté and Fyles, 1994] .
[7] Sampling plots were selected along transects running from well-drained to poorly drained soils in both MSH and MA sites. Four plots, upland, slope, riparian and hemlock, were located along the MSH transect. Upland and slope plots represent locations which are well drained, while those of riparian and hemlock plots represent poorly drained soils. Upland, slope and riparian plots at MSH are dominated by beech and hemlock dominates the hemlock plot. The riparian and hemlock plots also have scattered trees of yellow birch (Betula alleghaniensis). In the MSH transect, the hemlock plot was poorly drained soils and our design did not include hemlock plots with well-drained soils conditions.
[8] Similarly, four plots, upland, slope (well drained), wetland A and wetland B (poorly drained), were located along the MA transect. Upland and slope plots at MA are dominated by sugar maple trees with a few scattered yellow birch. The wetland A and B plots have a tree layer dominated by sugar maple with scattered trees of bitter nut hickory (Carya cordiformis), white ash (Fraxinus americana) and red maple (Acer ruburum).
[9] Soils in the riparian and hemlock plots of MSH and wetland A and B in MA site remain saturated or ponded with 85 to 100% water-filled pore space (WFPS) in spring (March to May) and fall (October and November) (and in the summer months (June to September) the WFPS drops to an average of 70%). Soil saturation and ponding, particularly in spring, result in redoximorphic features and gleying in A-horizons, characteristic of hydric soils. The average groundwater table depth in upland and slope plots at the MSH and MA sites is more than 1 m. The upland and slope plots in MSH have an O-horizon about 5 cm thick, while in upland and slope plots in MA the average thickness of O-horizon is 0.5 to 1.5 cm. Wetland soils in both MSH and MA sites have an O-horizon ranging from 5 to 10 cm thick, overlying mineral A-horizons. Well-drained soils in MSH are Orthic Dystric Brunisols while those in MA are Melanic Brunisols. Poorly drained soils in MSH and MA sites are Humic Gleysols [Canadian Soil Survey, 1987] .
Soil Sampling
[10] To determine N mineralization, nitrification and other properties, duplicate cores (0 -10 cm depth, including Oe and Oa horizons) were collected from 3 locations within each plot perpendicular to the slope of the transects, at monthly intervals from spring to fall in 2006 and 2007. Soils were sampled with an aluminum tube of 5.3 cm diameter and soil temperature and % volumetric water content (VWC) over 0 -12 cm depth were determined by portable soil temperature and soil moisture probes.
Field-Based N Mineralization and Nitrification
[11] Net N mineralization and nitrification rates were determined in situ monthly from June to November 2006 and April to October 2007. Duplicate cores from each location in the sampling plot were homogenized manually by removing stones and roots. Half of the homogenized soil sample was buried on-site in a Ziploc bag (1.2 mil bag thickness) and the rest was transferred to the laboratory and refrigerated until analysis for NH 4 and NO 3 concentration determination within 5 days of collection. The field-moist equivalent of 5 g dry soil was weighed into 250 mL plastic bottles, 50 mL of 2M KCl solution was added, the slurry was shaken for 1 hour at 160 rpm, centrifuged for 5 min and the supernatant filtered through No. 42 Whatman paper and frozen immediately until analysis. Each extraction batch included 3 blanks processed exactly as above for mineral N extraction except the blanks had no soil sample in it. The buried soil samples were recovered after 28 to 32 days and treated as above. The difference between initial and final mineral N content was used to calculate net N mineralization rates, while the difference in the initial and final NO 3 was used to determine net nitrification rates, reported as mg N m À2 d
À1
. Net N mineralization and nitrification were averaged from the triplicates in each plot. N transformation rates are reported as mg N m À2 d À1 and are hereafter referred to as ''field-based'' rates (potential) for each plot. Moreover, rates were averaged from the two soil drainage categories, well drained (upland and slope plots) and poorly drained, for comparison purposes. Net N transformation rates determined under this study involved homogenization of soil samples before in situ incubation and soil disturbance may have overestimated net N transformation rates [Ross et al., 2004] .
Nitrification Enzyme Assays
[12] Triplicate composite soil samples were collected in each plot in October 2006 and were brought to the laboratory for the determination of nitrification enzyme assay, following the method of Hart et al. [1994] . Field-moist (15 g) soil samples were weighed into 250 mL Erlenmeyer flasks. 100 mL of a stock solution containing 1.5 mM of NH 4 and 1.0 mM of PO 4 was added to each flask. The slurry was shaken at 150 RPM for 24 hours, 10 mL samples were collected at 2, 6 and 24 hours, centrifuged for 10 min and filtered through No. 42 Whatman filter paper for the determination of NO 3 concentration. The change in concentration of NO 3 during the 24 hour incubation was used to determine nitrification enzyme assay in mg NO 3 -N g À1 h À1 .
Laboratory-Based Potential N Mineralization and Nitrification
[13] One limitation of the experimental design to determine the effect of dominant tree species on field-based N transformation rates was that we did not have plots with well-drained soils under eastern hemlock. To rectify this, we determined potential N mineralization and nitrification rates in the laboratory. A well-drained soil plot dominated by hemlock next to the poorly drained hemlock plot in the MSH was also sampled for potential N transformation rates. Potential net N mineralization and nitrification rates were determined by incubating soil samples in the laboratory under room temperature and constant soil moisture conditions to elucidate the influence of tree species and soil drainage class on potential N transformation rates. Soil samples (six psuedoreplicates) were collected from paired plots of well-drained and poorly drained soils dominated by American beech, eastern hemlock (MSH site) and sugar maple (MA site). The field-moist soil samples were homogenized and passed through a 2 mm sieve and gravimetric soil moisture content was determined on a subsample. A subsample was extracted with 2M KCl solution for the determination of initial mineral N concentrations, as above. Another subsample of 25 g dry-equivalent from each sieved sample was weighed into 500 mL Mason jars. The VWC of the soil samples collected from well-drained locations under the three dominant tree species was adjusted to 50% to reach an optimum soil moisture condition conducive for N transformation rates in well-drained soils. Vervaet et al.
[2003] also incubated deciduous and coniferous forest soils for potential N mineralization at 50% VWC in Europe. Knoepp and Swank [2002] reported higher N mineralization rates in upland forest soils incubated at 45% than 25% gravimetric soil moisture content. The VWC of the samples collected from poorly drained wetland soils was adjusted to 100% to mimic wetland conditions and incubated under an aerobic headspace in Mason jars. After adjustment of the VWC contents, the bottles were covered with parafilm to avoid loss of soil moisture, incubated at room temperature ($22°C) for 32 days and extracted with 2M KCl solution as above for final mineral N content determination. The difference in mineral N concentration before and after laboratory incubations were used to calculate potential N mineralization and nitrification rates (mg N m À2 d À1 ), which are hereafter referred to as ''lab-based potential'' rates.
Physico-Chemical Characteristics
[14] Soil C:N ratio, bulk density, pH, texture and microbial biomass C and N were determined in triplicate soil samples collected from each plot as outlined by Ullah and Faulkner [2006] and Voroney et al. [1993] . Fresh soil samples collected from June to November 2007 for N mineralization and nitrification studies were also extracted with DI water for dissolved organic C (DOC) and total dissolved N (TDN) contents. Moist equivalent of 5 g dry soil were weighed into 250 mL plastic bottles, then 50 mL of DI water was added to each bottle and shaken at 140 rpm for 1 hour. After shaking, the extracts were filtered through No. 42 Whatman paper and analyzed on a Shimadzu TOC-TN analyzer for DOC and TDN contents. Each extraction batch also included 3 -5 blanks. Fresh litter fall was collected in triplicate litter traps in the fall of 2006. The litter was oven dried at 55°C for 48 hours and dry weight was determined. The dried litter was thoroughly mixed and a subsample was crushed and milled for the determination of total C and N contents on an Elemental Analyzer Carlo Erba TM (instrument model NC2500). The amount of N delivered by the litter to each plot was calculated from the litterfall and N concentration. Selected physico-chemical properties of the sites are shown in Table 1 .
Statistical Analysis
[15] Nonparametric Kruskal-Wallis Rank order analysis was done to determine the influence of soil drainage (individual plots) on field-based N mineralization and nitrification rates on the basis of N transformation rates being highly variable and not meeting the normal distribu- Mean DOC (g C m À2 )
13 ± 2 18 ± 5 6 ± 2 9 ± 3 14 ± 2 11 ± 1 5 ± 1 8 ± 1 tion criteria of general linear models. We determined Spearman's rank correlations of field-based N mineralization and nitrification rates with soil moisture, temperature, NO 3 , NH 4 , pH, TDN, DOC, and microbial biomass C and N, litter C:N ratios, and annual litter fall. Nitrification enzyme assay data was analyzed for significant differences among the eight plots using the nonparametric Kruskal-Wallis analysis. Lab-based potential N mineralization and nitrification rates determined in the laboratory were analyzed using analysis of variance test (ANOVA) in SAS to establish the influence of soil drainage class. The ANOVA model was run on log-transformed potential N mineralization and nitrification rates. Post hoc comparisons were done using Tukey's HSD values at 5% significance level.
Results
[16] In general, soil drainage class and dominant tree species influenced field-based N mineralization and nitrification rates (Figures 1 and 2 ). Mean field-based N mineralization rates in well-drained soils averaged 38 ± 6 mg N m À2 d
À1
, while those in the poorly drained soils averaged 17 ± 2 mg N m À2 d
. Given the high spatial variability within each plot, only poorly drained soils in the hemlock plot had significantly lower N mineralization rates than the well-drained soils and the riparian plot at the MSH site (p < 0.0001). N mineralization in the poorly drained hemlock plot was not different from soils in wetland A and wetland B plots at the MA site. Mean field-based rates of N mineralization in well-drained soils under sugar maple at the MA site were not different (p > 0.05) from N mineralization rates in well-drained soils under American beech at the MSH site. Mean field-based N mineralization rates were higher from June to September while lower in April, October and November (Table 2) .
[17] Mean field-based nitrification rates in well-drained soils at MSH and MA were 12 ± 3 mg N m À2 d
, while those in poorly drained soils averaged 5 ± 1 mg N m À2 d
( Figure 2 ). Well-drained soils at MSH exhibited 4.7 times greater nitrification rates than those in the riparian and hemlock plots (p < 0.05). At the MA site, the nitrification rate in the wetland B plot was significantly smaller than those in upland plots (p < 0.05) and barely significantly different from those in the slope plot (p = 0.09). Mean fieldbased nitrification rates were similar (p > 0.05) in welldrained soils under sugar maple at MA and American beech at MSH. Field-based nitrification rates in well-drained and poorly drained soils of the two sites were higher in sampling dates from June to September than in April, October and November sampling dates (Table 2) . Field-based nitrification rates in these soils were strongly related to N mineralization rates (r 2 = 0.81, p < 0.01 (Figure 3) ).
[18] Lab-based potential N mineralization and nitrification rates revealed similar patterns to that observed in the field incubations (Table 3) , with well-drained soils (incubated at 50% water by volume) exhibiting higher lab-based potential N mineralization and nitrification rates than in poorly drained soils (incubated at 100% water by volume) in MSH and MA under American beech and sugar maple, respectively (p < 0.05). Well-drained and poorly drained soils under eastern hemlock had similar lab-based potential N mineralization and nitrification rates (p > 0.05). Hemlock poorly drained soils had the lowest potential N mineralization rates compared to soils under American beech and sugar maple. Negative potential nitrification rates in poorly drained soils under eastern hemlock suggest that mineral N immobilization by soil microbes exceeded nitrification rates.
[19] Nitrification enzyme assays exhibited a similar pattern, with well-drained soils having higher mean nitrifier activity than poorly drained soils (Figure 4 ). Owing to high within plot variability, mean differences in nitrifier activities among the eight plots were not different from each other (p > 0.05). As expected, nitrifier enzyme assay was strongly related to net nitrification rates (r 2 = 0.78, p < 0.01 ( Figure 5) ).
[20] When mean field-based N mineralization and nitrification rates were regressed on soil C:N ratios, we observed a general trend of decreasing N mineralization with an increase in C:N ratio in well-drained and poorly drained soils ( Figure 6 ). Similarly, there was a decrease in fieldbased nitrification rate with an increase in soil C:N ratio ( Figure 6 ). Soil C:N ratios beneath sugar maple were lower than those beneath American beech and eastern hemlock (Table 1) . Differences in annual litter fall quantity and quality in term of total N contents input (Table 1) led to significant influences in field-based N mineralization and nitrification rates. Total annual litter fall N contents in all the plots showed a linear relationship with field-based N mineralization and nitrification rates (r 2 = 0.72, p = 0.007, and r 2 = 0.79, p = 0.003, respectively (Figure 7) ).
[21] Mean soil NH 4 and NO 3 content were higher in welldrained than poorly drained soils (Table 1) . Mean NH 4 content correlated significantly with field-based N mineralization (r = 0.71, p < 0.05) and nitrification rates (r = 0.76, p < 0.05) and mean NO 3 content correlated significantly with field-based N mineralization and nitrification rates (r = 0.79 and 0.83 respectively, both p < 0.05 (Table 4) ). Annual litterfall correlated significantly with field-based N mineralization and nitrification rates (r = 0.90 and 0.86 respectively, both p < 0.05). Litterfall C:N ratio correlated only with fieldbased nitrification rate (r = À0.79, p < 0.05) ( Table 4 ). TDN correlated with both field-based mineralization and nitrification (r = 0.84, and r = 0.75, both p < 0.05. DOC concentrations, soil pH and microbial biomass C and N (Table 1) ) did not show any correlation with N mineralization and nitrification rates (Table 4) .
[22] Among environmental variables, soil moisture correlated significantly with field-based N mineralization and nitrification rates among the plots (r = À0.31, p < 0.05 and À0.46, p < 0.05, respectively (Table 4) ). Soil temperature also showed a positive correlation with both field-based N 
Discussion
[23] Differences in soil drainage class and dominant tree species cover in these forests resulted in differences in the physico-chemical attributes of well-drained and poorly drained soils that influenced their capacity to internally transform N. Mean field-based N mineralization rates in well-drained soils dominated by American beech (31 ± 1.7 mg N m À2 d À1 ) and sugar maple (44 ± 1.1 mg N m À2 d À1 ) at the MSH and MA sites, respectively, were in the range reported for similar forest stands in the Adirondack mountains of New York [Ohrui et al., 1999] , deciduous forests at the Fernow Experimental Forests in W. Virginia [Peterjohn et al., 1999] , deciduous forests in Ontario [Devito et al., 1999] , the Whiteface Mountains of New Hampshire [Ollinger et al., 2002] and deciduous and coniferous forests in Europe [Vervaet et al., 2003] . Ollinger et al. [2002] [24] Field-based mean N mineralization rates were 2.2 times smaller in poorly drained soils (17 ± 5 mg N m À2 d
À1
) than in well-drained soils (38 ± 6 mg m À2 d À1 ), while only poorly drained soils under hemlock plot showed significantly lower rates than in well-drained soils. Similarly, lab-based potential N mineralization rates were significantly lower in poorly drained soils under American beech and sugar maple than in well-drained soils under the same species (Table 3) . Bischoff et al. [2001] also found 2.1 times lower N mineralization rates in wetland soils than in upland forests in Adirondack Mountains of New York. The differences in field-based N mineralization rates may be attributed to differences in soil drainage class and soil moisture content. Hill and Shackleton [1989] and Ohrui et al. [1999] also observed low N mineralization rates in poorly drained soils compared to well-drained soils in Ontario and the Adirondack mountains, respectively. Among poorly drained soil plots, hemlock soils had the lowest field-and lab-based potential N mineralization rate, which is reflected in lower soil NH 4 and NO 3 contents in soils of the hemlock plot compared to riparian and wetland A and B plots ( Table 1 ). The average pool of total N (sum of total soil N, microbial biomass N and leaf litter N) in poorly drained soils was higher (578 g N m
À2
) than in well-drained soils (308 g N m
). About 2.5% of the total soil N pool is cycled internally through mineralization in well-drained soils compared to 1.1% in poorly drained soils.
[25] Field-based nitrification rates were also influenced by soil drainage class in our sites, with rates in well-drained soils (18 ± 4 mg N m À2 d
À1
) 3 times larger than those in poorly drained soils (6 ± 3 mg N m À2 d
). Field-based nitrification rates strongly correlated with N mineralization (r 2 = 0.81 (Figure 3) ) showing that nitrification rates were dependent on N mineralization rates, and Ollinger et al. [2002] , Booth et al. [2005] , and Fenn et al. [2005] also reported a similar relationship across forest soils in USA. Similarly, lab-based potential nitrification rates were larger in well-drained soils than in poorly drained soils, except plots under hemlock trees, where the rates were not different between well-drained and poorly drained soils. Soil drainage class exerts a strong influence on nitrifier activities and higher soil moisture content in poorly drained soils appears to limit nitrification rates, because nitrification is strictly an aerobic process [Devito and Dillon, 1993] . Field-based nitrification rates correlated significantly with nitrification enzyme assays (Figure 5 ), which confirm our observation that soil drainage class significantly influences nitrification rates in forest soils. It is interesting to note that the relative amounts of nitrified N out of the total mineralized N (also called relative nitrification [Fenn et al., 2005] ) was 47% and 35% in well-drained and poorly drained soils, respectively. Fenn et al. [2005] also reported a similar range of 43 to 53% relative nitrification rates in well-drained forest soils exposed to low atmospheric N deposition compared to forest soils exposed to high N deposition rates (78 to 92%). This suggests that predicted increase in atmospheric N deposition in southern Quebec may result in increased relative nitrification rates, which may likely increase the potential of these forests to emit more N 2 O into the air [Gilliam et al., 2001] .
[26] Dominant tree species also led to differences in fieldand lab-based potential N transformation rates. Field-based N mineralization rates in well-drained soils under American beech and sugar maple were significantly larger than in poorly drained soils under hemlock. Poorly drained riparian soils under American beech trees exhibited 2.3 larger fieldbased N mineralization rate than the eastern hemlock dominated soils in the MSH watershed. Lab-based potential N mineralization rates were significantly larger in welldrained soils under American beech and sugar maple than in poorly drained soils under the same species (Table 3) . Labbased potential N mineralization rates ranked sugar maple > American beech > eastern hemlock under both well-drained and poorly drained soil conditions. It is important to note that other factors may have also contributed to differences in N mineralization rates in soils of American beech and sugar as sampling plots under the two species were located on completely different watersheds separated by about 60 km distance. Field-based nitrification rates were similar between American beech and sugar maple under both welldrained and poorly drained soil conditions; however, labbased potential nitrification rates in well-drained soils were larger in sugar maple than in American beech, which in turn were larger than the eastern hemlock tree plots. Lab-based potential nitrification rates in poorly drained soils were the largest in soils under American beech and sugar maple and lowest in eastern hemlock tree plots. Lovett et al. [2004] , Ross et al. [2004] , and Finzi et al. [1998] also observed higher N transformation rates in sugar maple compared to eastern hemlock dominated forest soils in the Catskill Mountains, New York and forest soils in northeastern USA. The influence of slower N transformation rates in soils under eastern hemlock than sugar maple and American beech was evident from lower litter fall N input, soil mineral N and microbial biomass N contents (Table 1 ). Given the low N cycling patterns in soils under hemlock compared to the deciduous trees, soil moisture content did not influence lab-based nitrification rates in soils collected from well- Figure 7 . Relationship between mean field-based soil N mineralization and nitrification rates and annual leaf litter N input. drained and poorly drained locations under the hemlock trees.
[27] Soil C:N ratio has been cited as a strong controller of N transformation rates in forest soils and NO 3 loss into receiving water in forested watersheds [e.g., Finzi et al., 1998; Ollinger et al., 2002; Lovett et al., 2002; Vervaet et al., 2003; Ross et al., 2004; Booth et al., 2005] and we also observed a negative relationship between field-based N mineralization and soil C:N ratio in well-drained and poorly drained soils (Figure 6 ). Nitrification rates also correlated negatively with soil C:N ratios and is consistent with the results of Christ et al. [2002] and Vervaet et al. [2003] who reported a decrease in potential nitrification and N mineralization rates with an increasing soil C:N ratio (0 -10 cm depth) in forest soils at the Fernow Experimental Forest in West Virginia and in Europe, respectively. Field-based N transformation rates and their relationship with soil C:N ratios at our sites is in agreement with those reported by Ollinger et al. [2002] in forest soils in New Hampshire (Figure 6 ), though both N mineralization and nitrification rates in our sites at a C:N ratio $25 were higher than those in New Hampshire forests. One probable reason is that our C:N ratios were determined on a 0 -10 cm soil sample depth in all sites, irrespective of the thickness of the organic horizons over mineral horizons. The C:N ratios of the New Hampshire sites were averages of the top organic layers and the underlying 15 cm deep mineral layers. As mineral soil layers generally have lower C:N ratios than organic horizons, the averaging of the ratios for both the layers in the New Hampshire sites [Ollinger et al., 2002] may have lowered the ratio compared to our sites, particularly those in well-drained soils in the upland and slope plots under American beech (MSH site). Well-drained soils under American beech provided the major discrepancy between the data sets of C:N ratios and N transformation rates; however, net N transformation rates reported by Ollinger et al. [2002] under American beech dominated stands were in very close agreement with the rates observed at our site under the same species. This shows that the discrepancy is mainly driven by the fact that the soil C:N ratios determined under our study differed from that of Ollinger et al. [2002] . Field-based N transformation rates in well-drained soils were segregated clearly from those in the poorly drained soils when plotted again, the C:N ratios (Figure 6) , showing that soil drainage class drives the difference in N transformation rates in these forests.
[28] Faster N transformation rates in well-drained soils led to greater mineral N contents than in poorly drained soils (Table 1 ). It appears that production rates were faster than consumption rates of mineral N. Moreover, NO 3 contents in poorly drained soils may also have been reduced by higher denitrifier activities reducing NO 3 to N 2 O and N 2 gases [Peterjohn et al., 1998; Ullah and Faulkner, 2006; Ullah and Zinati, 2006] . Poorly drained soils in the MSH and MA sites emitted significantly more N 2 O than welldrained soils when repacked soils cores were amended with mineral N showing that poorly drained soils supported higher denitrifier activity than well-drained soils [Ullah et al., 2008] . Additionally, NO 3 contents were higher in welldrained soils under sugar maple (MA site) than those in the well-drained soils under American beech (MSH) and poorly drained soils under eastern hemlock trees (MSH site), suggesting a dominant tree species effect on internal N cycling characteristics, consistent with the findings of Lovett et al. [2004] and Booth et al. [2005] .
[29] Soil moisture as a surrogate indicator of soil drainage characteristics influenced field-based N mineralization and nitrification rates in these forests. Like C mineralization, N mineralization slowed under wet soil conditions compared to well-drained soils under aerobic conditions [Updegraff et al., 1995; Wienhold, 2007] . Nitrification was faster in welldrained soils and Corre et al. [2003] also reported a decline in nitrification rates in forest soils in Germany when soil moisture content was increased to saturation. An increase in soil temperature in summer months (June to September) was accompanied by higher N mineralization and nitrification rates compared to early spring (April) and autumn (October and November) ( Table 2) , which is in agreement with the findings of Gilliam et al. [2001] , Shaw and Harte [2001] , and Breuer et al. [2002] in temperate forests at the Fernow Experimental Forests in W. Virginia, tropical forests in Australia, and alpine forests in Colorado, respectively. Monthly Q 10 values determined for N mineralization rates averaged 3.1 ± 2.3 and 4.9 ± 3.7, while for nitrification the averages were 6.6 ± 4.7 and 3.9 ± 1.3 in well-drained and poorly drained soils, respectively. These values are higher than reported for N mineralization rates in alpine wetlands in Austria (Q 10 range: 1.8 to 2.3), which were determined through a controlled bench-scale experiment [Koch et al., 2007] . Soil temperature rose from 8°C in April to 16°C in summer months leading to higher N transformation rates (Table 2 ) and higher averaged Q 10 values, but in the same period, soil moisture contents decreased from 36 to 23% and from 100 to 66% in well-drained and poorly drained soils, respectively. Thus, high Q 10 values in our sites are partly driven by concurrent changes in soil moisture content.
[30] Litterfall quantity, litter C:N ratio and total litter N input as surrogates of vegetative differences among the plots significantly influenced N mineralization and nitrification rates (Table 3 and Figure 7 ). An increase in litter N input was accompanied by an increase in N mineralization and nitrification rates. The results suggest that dominant tree species in the canopy mainly influences N transformation rates in soils through the quantity and quality of litter produced. Ste-Marie and Houle [2006] also ascribed differences in net N mineralization and nitrification rates to the quality of the litter of sugar maple, balsam fir (Abies balsamea) and black spruce (Picea mariana) forest stands in Quebec.
[31] In conclusion, we place N transformation rates in these forest soils into the overall N cycle. Atmospheric deposition at these sites has not been measured, but they probably receive $1 g N m À2 a À1 distributed equally between NH 4 -N and NO 3 -N [Vet et al., 1999; Zhang et al., 2005; Schindler et al., 2006] . Given the proximity of the MSH and MA sites to the city of Montreal and agricultural activities, atmospheric N deposition may be higher.
[32] Litterfall at the sites deposited between 1.9 and 5.6 g N m À2 a À1 (Table 1) . We did not determine litter decomposition rates at these sites, but the MA site was close to the MAR site of the Canadian Intersite Decomposition ExperimenT (CIDET) in which 10 foliar litters were decomposed over 12 years, with annual retrieval and measurement of mass loss and C and N changes in the decomposing litter [Trofymow and CIDET Working Group, 1998; Trofymow et al., 2002] . This study showed that decomposition rates were fast (compared to other CIDET sites), with about 20% of the original litter C left after 12 years (T. Trofymow and J. Fyles, personal communication, 2008) . N is lost more slowly than C from the decomposing litters, so that after 12 years, the American beech, aspen and black spruce litter (closest in quality to our American beech, maple and hemlock litters) at the MAR CIDET site contained 42 to 76% of the original N. Analysis of the pattern of N release from the 10 decomposing CIDET litters showed that this generally occurred after 2 to 3 years of decomposition and when the C:N ratio in the decomposing litter fell below $30:1. As our soil samples for N mineralization included all organic matter (O a and O e layers) except for the current litter fall (O i ), the loss of N from decomposing litter would be included in our mineralization estimates. This ratio of $30:1 for significant N loss from litter coincides with the value for significant N mineralization from forest soils [Ollinger et al., 2002] (Figure 6 ). It would be worthwhile investigating the influence of litter C:N ratio on N transformation rates in these forests.
[33] We did not measure fine root production at the MA and MSH sites, but fine roots in temperate deciduous forests in the Adirondack Mountains, New York contribute $2 to 2.7 g N m À2 to annual N cycling [Burke and Raynal, 1994] . [34] Thus, N inputs from litter fall, atmospheric deposition and fine roots into the MA and MSH forest soils range from $5 to 9.7 g N m À2 a
, the differences being driven primarily by litterfall and litter N content. Our estimates of April to November N mineralization and nitrification range from $6 to 8 and $3 to 4 g N m À2 a
, respectively (Table 2) : estimating overwinter N transformation rates, these increase to $7 to 9 and $4 to 5 g N m À2 a
. Thus, the observed rates of N mineralization and nitrification in our soils are over 4 to 9 times the estimated rates of atmospheric deposition of N and there is a close association between the estimated N input rates and the rates at which N is released through mineralization, across the sites.
Conclusions
[35] Our study shows that soil drainage class and dominant tree species in the canopy exert a strong control on field-and lab-based potential N transformation rates in deciduous forest soils in southern Quebec. Well-drained soils transform N at rates significantly faster than in poorly drained soils owing mainly to differences in soil drainage class. Dominant tree species influence N transformation rates in these forests through their effects on litter N content and litter and soil C:N ratios. The study also highlighted the fact that potential N transformation rates in well-drained soils under American beech and sugar maple tree species were significantly higher than the rates in poorly drained soils under similar dominant tree species in the canopy. Our results suggest that both soil drainage class and dominant tree species in the canopy need to be accounted for their role in N transformation rates in forested ecosystems.
